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micro-organisms, remove dying neurons,
and prune synapses during development.
We show that maintenance of the
microglial resting potential by THIK-1 K+
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Microglia exhibit two modes of motility: they
constantly extend and retract their processes to sur-
vey the brain, but they also send out targeted pro-
cesses to envelop sites of tissue damage. We now
show that these motility modes differ mechanisti-
cally. We identify the two-pore domain channel
THIK-1 as the main K+ channel expressed in micro-
glia in situ. THIK-1 is tonically active, and its activity
is potentiated by P2Y12 receptors. Inhibiting THIK-1
function pharmacologically or by gene knockout
depolarizes microglia, which decreases microglial
ramification and thus reduces surveillance, whereas
blocking P2Y12 receptors does not affect membrane
potential, ramification, or surveillance. In contrast,
process outgrowth to damaged tissue requires
P2Y12 receptor activation but is unaffected by block-
ing THIK-1. Block of THIK-1 function also inhibits
release of the pro-inflammatory cytokine inter-
leukin-1b from activated microglia, consistent with
K+ loss being needed for inflammasome assembly.
Thus, microglial immune surveillance and cytokine
release require THIK-1 channel activity.
INTRODUCTION
Microglia continuously extend and retract their fine processes in
the healthy brain (Nimmerjahn et al., 2005; Davalos et al., 2005).
This processmovement, henceforth termed ‘‘surveillance’’ of the
brain, is assumed to play a key role in monitoring the ingress of
bacteria, fungi, and viruses (Hanisch andKettenmann, 2007); de-
tecting the release of ATP from damaged cells (Davalos et al.,
2005); and sensing entry of fibrinogen into the brain’s extracel-
lular space from damaged blood vessels (Davalos et al., 2012).Neuron 97, 299–312, Jan
This is an open access article undHowever, microglial surveillance also plays an important role in
monitoring synaptic function and determining the ‘‘wiring’’ of
the brain (Wake et al., 2009; Tremblay et al., 2010; Schafer
et al., 2012). During postnatal development, synapses that are
to be pruned become tagged with complement molecules and
are thus removed bymicroglia (in the dorsal lateral geniculate nu-
cleus; Schafer et al., 2012; Stevens et al., 2007). Disruption of
this system leads to altered wiring of the CNS, generating an
excess of excitatory synapses that promotes epilepsy (Chu
et al., 2010) and neuropsychiatric disorders (Zhan et al., 2014),
while during ischemia the interaction of microglia with synapses
is markedly prolonged andmay lead to a loss of synapses (Wake
et al., 2009). Furthermore, in the healthy brain, microglia prefer-
entially contact neurons with high levels of activity and decrease
their firing rate (Li et al., 2012). All of these functions presumably
depend on microglia sensing their environment by repeatedly
extending and retracting their processes, but the factors regu-
lating microglial surveillance are unknown.
Movement of microglial processes to sites of tissue damage is
known to depend on the activation of microglial P2Y12 receptors
by ATP (or ADP derived by its hydrolysis) released from the
damage site (Haynes et al., 2006) and may involve cytoskeletal
changes driven by P2Y12 activating integrin-b1 (Ohsawa et al.,
2010). In contrast, the constant surveillance of the brain by
microglia is unaffected by knockout (KO) of P2Y12 (Haynes
et al., 2006; Sipe et al., 2016), implying that it is controlled by a
different mechanism. By patch clamping microglia in brain slices
and imaging their movements in brain slices and in vivo, we now
demonstrate that the two motility modes of microglia—directed
process movement to a damage site and ceaseless surveillance
of the brain—are differentially controlled by P2Y12 activation and
bymembrane potential. By characterizing themembrane current
activated by P2Y12 receptors, we show for the first time that
the microglial resting potential is maintained by a two-pore
domain K+ channel that we identify as THIK-1 (TWIK-related
Halothane-Inhibited K+ channel), the product of the Kcnk13
gene (Rajan et al., 2001), and demonstrate that this channel is
tonically active even without ATP or ADP present to activateuary 17, 2018 ª 2017 The Author(s). Published by Elsevier Inc. 299








Figure 1. Microglial Surveillance, Directed Motility, and Damage-Evoked Membrane Current in Hippocampal Slices
(A) Left: Microglial cell labeled with Alexa 594-isolectin B4. Right: Superimposed images of the same cell (green and red) at an interval of 19 min, showing process
movement during surveillance (red, retracted; green, extended processes; same convention in subsequent time-lapse panels).
(B) Microglial processes (arrowheads) converging on a laser-damaged region (10 mm circle, time after damage indicated). Blood vessels (arrows) are also labeled
by isolectin B4.
(C) Microglial processes converging on tip (arrowhead) of a pipette filled with 1 mM ATP (and Alexa 488, recolored blue).
(D) Patch-clamped microglial membrane current at 0 mV evoked by laser damage (left) is mimicked and occluded by 2 mM ATP (right).
(E) Voltage dependence of laser damage- and ATP-induced currents in 5 and 9 microglia, respectively.
(F) ATP (puffed at arrow) evokes hyperpolarization of microglia (inset: mean values differ significantly, p = 1.2 3 1012).
(G) 100 mM ATP-evoked currents at 0 and 60 mV with K+ and Cs+ in pipette.
(H) Dependence of ATP-evoked current at 0 mV on puffed [ATP].
(I) Effect on ATP-evoked current of bath applied N-ethyl-maleimide (NEM, 50 mM, p = 6.7 3 105, paired t test), GDPbS in the patch pipette (2 mM replacing
0.5 mMGTP, p = 3.43 1010, unpaired t test), and pertussis toxin (PTX, 1 mg/ml, control and pertussis-exposed slices were incubated for 24 hr at 37C, p = 4.63
106, unpaired t test).
(J) Mean currents evoked at 0 mV by puffed ATP and ADP (both 100 mM), and superfused 200 mM adenosine.
(K) ATP/ADP-evoked current at 0 mV is blocked by 0.1 or 1 mM PSB-0739 (PSB, p = 6.7 3 104 and 6.2 3 104), 10 or 50 mM MRS-2211 (p = 6.1 3 104 and
2.63 103), and 10 or 50 mM 2-MeS-AMP (p = 4.03 103 and 3.23 103); p values from paired t tests. Inset shows block of ATP-evoked current by PSB-0739.
p values, here and in other figures, were corrected for multiple comparisons within each panel. All data are from P12 rat. Data are represented as mean ± SEM.
See also Figure S1.P2Y12 receptors. We show that the tonic activity of THIK-1 is
crucial for maintaining normal immune surveillance by microglia,
by maintaining their ramified morphology. In addition, we show
that the activity of THIK-1 is essential for microglial generation
of the inflammatory mediator interleukin-1b.
RESULTS
Membrane Currents and Purinergic Signaling
Associated with Brain Damage
To investigate the mechanisms of microglial surveillance, we
studied microglia labeled with fluorescently tagged isolectin B4
in rats or mice, or, where stated, genetically labeled with eGFP300 Neuron 97, 299–312, January 17, 2018under control of the Iba1 promoter in mice (see STAR Methods).
Since microglia in culture can express proteins different from
those in situ (Boucsein et al., 2003; Butovsky et al., 2014; Bohlen
et al., 2017; Gosselin et al., 2017), experiments were onmicroglia
in situ in acute hippocampal brain slices (to allow pharmacolog-
ical analysis of mechanisms) or in vivo in cortex (to confirm the
role of THIK-1 in vivo; see STAR Methods). As previously
reported (Nimmerjahn et al., 2005; Davalos et al., 2005), two-
photon imaging revealed that microglia display continual
process extension and retraction in all directions under physio-
logical conditions, allowing gradual surveillance of the brain (Fig-
ures 1A and S1A; Movie S1), and promptly extend processes to-






Figure 2. ATP and ADP Gate an Anesthetic-Sensitive Tonically Active Two-Pore Domain K+ Channel
(A–C) Effect on the 100 mM ATP-evoked current at 0 mV, normalized to control data in the same cell, of the following agents.
(A) Blockers of voltage- and calcium-gated K+ channels.
(B) Blockers of two-pore domain channels (quinidine and quinine also block voltage-gated K+ channels, and bupivacaine, propafenone and lamotrigine also block
voltage-gated Na+ channels, but all block two-pore K+ channels).
(C) Effects of gaseous anesthetics and Hg2+.
(D and E) Response to repeatedly puffed ATP (100 mM) during superfusion of (D) tetrapentylammonium or (E) isoflurane shows a suppression of baseline current
and of the response to ATP.
(F) Voltage dependence of the baseline current suppressed by tetrapentylammonium and isoflurane.
(legend continued on next page)
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or toward an ATP source mimicking the ATP released from dying
cells (Figure 1C; Movie S2). Patch clamping was used to investi-
gate the membrane currents associated with these different
kinds of motility and their role in regulating surveillance bymicro-
glia. Experiments were carried out less than 4 hr after brain
slicing, on microglia located 50–100 mm deep in the slice, to
avoid microglial activation (Hanisch and Kettenmann, 2007; Kur-
pius et al., 2006).
Microglia in situ in rat brain slices had a mean resting potential
of40.6 ± 0.6 mV (n = 151), which is more depolarized than neu-
rons or other glia, and a high input resistance of 2.1 ± 0.1 GU,
implying that small membrane current changes will have a large
effect on the membrane potential. They showed time-indepen-
dent currents in response to brief voltage steps away from the
resting potential (Figures S1B–S1C), indicating a lack of
voltage-gated channel activity in microglia in situ in the healthy
brain. Laser-induced damage to cells in the slice evoked amem-
brane current in microglia that showed outward rectification and
a reversal potential near the Nernst potential for K+ (EK) and was
mimicked and occluded by superfusion of the slice with 2 mM
ATP (Figures 1D and 1E), suggesting that the damage-induced
K+ current is activated by ATP (or a derivative) released from
damaged cells.
Locally puffing 100 mM ATP to mimic its release from
damaged cells (see STAR Methods) hyperpolarized microglia
by 30 mV (Figure 1F). In voltage-clamp mode, ATP evoked
an outwardly rectifying membrane current reversing near EK,
which resembles that induced by laser damage (Figure 1E, cur-
rent density 3.84 ± 0.14 pA/pF at 4 mV, n = 103). This current
was abolished when K+ in the pipette was replaced with Cs+
(Figure 1G) and desensitized very slowly in response to pro-
longed ATP application (Figure 1D, t = 54.1 ± 7.8 s at 36C,
n = 6). At negative membrane potentials, this K+ current was
sometimes preceded by a small inward current, which reversed
around 0 mV (Figure 1G). These currents have previously been
suggested to reflect G protein-coupled P2Y and ionotropic P2X
receptor activation, respectively (Boucsein et al., 2003; Wu
et al., 2007). The K+ current has a large effect on the membrane
potential, but its role in regulating microglial motility and cyto-
kine release is unknown.
The ATP-evoked K+ current was activated with an apparent
EC50 of 2 mM (for the [ATP] in the puffing pipette; Figure 1H),
and was inhibited by N-ethyl-maleimide or pertussis toxin or
by including GDPbS in the recording pipette (Figure 1I), suggest-
ing the involvement of a Gi protein-coupled receptor. Candidate
microglial receptors for ATP and its derivatives from transcrip-
tome data (Zhang et al., 2014) include the nucleoside phosphate
receptors P2Y12, P2Y13, P2Y6, and P2Y2, as well as receptors for
adenosine. The K+ current was also evoked by the ATP break-
down product ADP, which is a P2Y12/P2Y13 agonist, but not by
adenosine (Figure 1J). It was inhibited (Figure 1K) by 0.1–1 mM(G) Effect of tetrapentylammonium, isoflurane, and PSB-0739 on the microglial r
(H) Mean resting potential in the agents in (G), compared with the resting potenti
(0.46 mM) is a level reached in anesthesia. (A–H) are from P12 rat.
(I–L) Values of (I) ATP-evoked current, (J) membrane potential, (K) membrane
WT, heterozygote, or KO for THIK-1. Numbers of cells are on bars. Data are from h
S4, and S5.
302 Neuron 97, 299–312, January 17, 2018PSB-0739 (which blocks P2Y12 but not P2Y13 or P2Y2; Hoffmann
et al., 2009) and by 10–50 mMMRS-2211 and 10–50 mM 2-MeS-
AMP (which block P2Y12 and P2Y13). It was not blocked by the
P2Y6 antagonist MRS-2578 (10 mM, increased by 2.0% ± 4.5%
in 5 cells, p = 0.78) or the P2Y2 antagonist AR-C 118925XX
(50 mM, increased by 8.8% ± 7.3% in 4 cells, p = 0.3). Thus,
the K+ current is evoked by ATP or ADP acting on microglial
P2Y12 receptors (Swiatkowski et al., 2016), which also mediate
microglial process extension toward a localized ATP source or
tissue damage (Haynes et al., 2006).
P2Y12 Receptors Gate the Two-Pore Domain K
+ Channel
THIK-1
To examine the functional role of these microglial K+ channels,
we first defined their pharmacology. The outward-rectifying
current-voltage relation of the K+ current (Figure 1E) excludes
it being mediated by a member of the inward-rectifying K+
channel family, but is consistent with activation of delayed
rectifier or Ca2+-activated K+ channels or of two-pore domain
K+ channels. Blocking voltage-activated (including Kv1.3) and
Ca2+-activated channels (with 4-aminopyridine [4-AP] 1 mM,
margatoxin 2 nM, charybdotoxin 1 mM, paxilline 5 mM, or omis-
sion of Ca2+ from the pipette solution) had no effect on the
ATP-evoked current (Figure 2A). In contrast, six agents that
block two-pore domain K+ channels (Lotshaw, 2007; Piechotta
et al., 2011)—quinidine (100 mM), quinine (200 mM), bupivacaine
(10–50 mM), tetrapentylammonium (TPA, 10–50 mM), propafe-
none (50 mM), and lamotrigine (100 mM)—all greatly reduced
the current (Figure 2B).
RNA profiling (Butovsky et al., 2014; Zhang et al., 2014; Hick-
man et al., 2013) of microglia indicates high expression of the
two-pore domain family members TWIK-2 (Tandem of p do-
mains in a Weak Inward rectifying K+ channel 2), THIK-1, and
THIK-2. Of these, TWIK-2 and THIK-2 alone are unlikely to
mediate the current in Figures 1D and 1E because TWIK-2
generates a weakly inward-rectifying and rapidly desensitizing
(rather than outwardly rectifying and slowly desensitizing) cur-
rent and is not inhibited by bupivacaine (Lotshaw, 2007), while
THIK-2 may largely reside in the endoplasmic reticulum (Reni-
gunta et al., 2014). Unlikemost other two-pore domain channels,
the remaining candidate THIK-1 is blocked by the gaseous anes-
thetics halothane and isoflurane rather than being activated
by these agents (Rajan et al., 2001; Lotshaw, 2007). We found
that the ATP-evoked current was inhibited by halothane
(3.9mM) and also by the structurally related gaseous anesthetics
sevoflurane (1.6 mM) and isoflurane (3.8 mM and 460 mM, a level
reached during clinical anesthesia; Franks and Lieb, 1996) (Fig-
ure 2C). Similarly, the current was reduced by mercury (Hg2+,
5–20 mM; Figure 2C), which inhibits THIK-1 but potentiates or
has no effect on most other two-pore domain K+ channels (Lot-
shaw, 2007). Thus, P2Y12 receptors gate K
+ channels containingesting potential.
al before the drug was applied (control). The lower concentration of isoflurane
resistance, and (L) cell capacitance for microglia in P15-22 mice that are











Figure 3. Effect on Directed Motility and Surveillance of P2Y12 and THIK-1 Block in Hippocampal Slices
(A and B) Effect of (A) PSB-0739 (PSB) to block P2Y12 receptors (contrast with Figure 1C) and (B) tetrapentylammonium (TPA) to block THIK-1 channels, on
directed motility (quantified in K) toward a pipette (arrow) filled with 1 mM ATP (and Alexa 488, white, for visualization). Images taken at times shown after placing
the pipette; colors as in Figure 1A.
(legend continued on next page)
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THIK-1 subunits, which are highly expressed in microglia (and to
a lesser extent in oligodendrocytes, but not in neurons or astro-
cytes; Zhang et al., 2014).
THIK-1 Is Tonically Active
Although THIK-1 can be activated by ATP or ADP, we found that
this channel is tonically active even without added extracellular
ATP. Applying tetrapentylammonium (Figure 2D) or isoflurane
(Figure 2E; even at low concentrations used for anesthesia;
see below) suppressed a membrane current that had the same
I-V relation as the THIK-1-mediated current (Figure 2F) and
thus depolarized microglia by 25 mV (Figures 2G and 2H). In
contrast, blocking P2Y12 receptors with PSB-0739 did not affect
the baseline membrane current or membrane potential of micro-
glia (Figure 1K, inset; Figures 2G and 2H), implying that P2Y12 is
not tonically active and hence that THIK-1 itself is inherently toni-
cally active (or its activity is maintained by the activity of a recep-
tor other than P2Y12).
Confirming our pharmacological analysis, KO of THIK-1
completely abolished the ATP-evokedK+ current (Figure 2I), indi-
cating that this current is mediated by channels containing
THIK-1 subunits (althoughwe cannot rule out a heterodimer [Lot-
shaw, 2007] of THIK-1 with THIK-2 or TWIK-2) and implying that
THIK-1 is essential for the K+ efflux evoked by tissue damage.
THIK-1 KO also depolarized the resting potential (Figure 2J)
to 12 mV (similar to the resting potential seen in the presence
of THIK-1 blockers; Figure 2H) and increased the cell membrane
resistance (Figure 2K), confirming that THIK-1 is tonically active in
the absence of added ATP or ADP. KO of THIK-1 also decreased
microglial capacitance (Figure 2L), which we will show reflects a
change in cell morphology when THIK-1 is blocked.
Consistent with tonically active THIK-1 contributing most of
the K+ conductance of non-activated microglia, superfusing
22.5 mM [K+]o solution onto hippocampal slices from wild-
type (WT) mice evoked a large microglial depolarization
(DVm = +13.9 ± 1.4 mV, n = 6), unlike for microglia in THIK-1
KO slices (DVm = 4.2 ± 0.8 mV, n = 6, significantly less,
p = 5.6 3 107; the small hyperpolarization in KO cells may
reflect high [K+]o activating the Na/K pump to generate an out-
ward membrane current).
Thus, tonically active THIK-1 channels, but not P2Y12 recep-
tors, maintain much of the resting potential of microglia.
THIK-1 Regulates Microglial Ramification and
Surveillance but Not Directed Motility
To assess the physiological significance of the tonic activity of
THIK-1 and the hyperpolarization that it produces, we imaged(C and D) Long-term stability of surveillance revealed by (C) images taken 5 m
retractions (red), and (D) time course of surveillance and ramification indices (see
(E and F) As for (C) and (D) but with application of PSB-0739 to block P2Y12, sho
(G–J) As for (E) and (F) but applying TPA (G and H) or isoflurane (I and J) to blo
retractions with THIK-1 blocked.
(K) Time course of directedmotility quantified as reduction of the ‘‘clear area’’ not o
see STAR Methods and Movie S3) in control conditions (n = 10) and with PSB (n
(L) Mean effects of drugs on surveillance (averaged over last 5 min in each drug). N
bar, averaged 35–40 min in D) were from Mann-Whitney tests. A higher [PSB] i
(Hoffmann et al., 2009) and a high [ATP] is used in (A). All data are from P12 rat.
304 Neuron 97, 299–312, January 17, 2018microglial motility in brain slices as in Figure 1. Attraction of
processes to an ATP source, surveillance, and ramification of
the microglial processes were quantified as described in the
STAR Methods. Briefly, the surveillance index is a measure of
the number of image pixels surveyed per unit time and depends
both on the number of cell processes and on their speed and
range of movement, while the ramification index is a measure
of the ratio of the cell’s perimeter to its area (normalized to
that of a circle of the same area) and depends on the cell’s
shape, but not on its overall size. Blocking P2Y12 receptors
with PSB-0739 prevented the directed motility (chemotaxis)
evoked by an ATP source (Figure 3A, quantified in Figure 3K;
Movie S3), but did not significantly affect microglial morphology
or surveillance of the brain by microglia (Figures 3E, 3F, and 3L;
Movie S4) as found previously with P2Y12 knockout or knock-
down (Haynes et al., 2006; Sieger et al., 2012; Sipe et al.,
2016). In contrast, blocking THIK-1 with tetrapentylammonium
did not affect directed motility (Figure 3B, quantified in Fig-
ure 3K; Movie S3) but evoked retraction of microglial processes
and inhibited surveillance by 60% (Figures 3G, 3H, and 3L;
Movie S4; changes in neuronal spiking were prevented by hav-
ing 0.5 mM TTX present throughout, which does not affect
microglial surveillance [Nimmerjahn et al., 2005] or directed
motility [Hines et al., 2009]). A similar effect on microglial
surveillance was evoked by the other THIK-1 blockers quinine,
isoflurane, and sevoflurane (Figures 3I, 3J, and 3L), whereas
imaging for the same period in control solution (Figures 3C
and 3D) or applying the voltage-gated K+ channel blocker
4-AP (Figure 3L) had no effect on surveillance. Thus, THIK-1
activity is essential for the maintenance of microglial ramifica-
tion and surveillance.
Our observation that blocking THIK-1 with 50 mM tetrapenty-
lammonium does not affect directed motility (Figure 3B, quanti-
fied in Figure 3K) contradicts an unquantified study claiming that
blocking microglial ATP-gated K+ channels with 1 mM quinine
prevents directed motility (Wu et al., 2007). The latter effect of
quininemay reflect the intracellular alkalinization that it produces
or its effects on gap junctional hemichannels or the cytoskeleton
(Dixon et al., 1996; Yoshida and Inouye, 2001).
Confirming the effect of pharmacologically blocking THIK-1,
microglia in hippocampal slices from THIK-1 KO mice showed
a 43% reduction in surveillance index compared to littermate
controls (p = 23 1018), with heterozygote mice having interme-
diate values (Figures 4A and 4B; Movie S5). Plotting the time
course of the increase in surveyed area in maximum intensity
projections showed that the initial rate of surveillance was
reduced by 41% (p = 1.2 3 109) and that the cumulative areain apart in control conditions, showing many process extensions (green) and
STAR Methods).
wing no significant effect (see L) on surveillance and ramification.
ck THIK-1, showing reduced ramification and fewer process extensions and
ccupied bymicroglia around a laser-damaged spot (white polygon on A and B;
= 6) or TPA (n = 7) present.
umber of microglia shown on bars; p values compared with control data (white
s used in (A) than in (E), because PSB blocks P2Y12 receptors competitively
Data are represented as mean ± SEM. See also Figures S1 and S4.
ACB D
Figure 4. Effect of THIK-1 Knockout on Mi-
croglial Surveillance, Morphology, and Den-
sity in Hippocampal Slices
(A) Specimen images taken 5min apart of WT (P27)
and THIK-1 KO Iba1-GFP (P21) microglia, showing
process extensions and retractions (colors as in
Figure 1A) and the less ramified shape of microglia
in the KO.
(B) Quantification of surveillance for microglia from
P20–P27 WT, heterozygote (Het), and KO mice,
showing increasing inhibition of surveillance from
Het to KO.
(C) Time course of increase of the number of sur-
veyed pixels in maximum-intensity projections of
images of microglia (as in Movie S5, numbers of
cells on bars in D) in WT and KO microglia in Iba1-
GFP mice aged P20–P27. Initial value is the area of
the cell in the first image frame.
(D) Initial slope of graphs in (C) (measured over
the first 2 min, when assessment of surveillance
is least confounded by pixel overlap in the
maximum-intensity projection). Data are repre-
sented as mean ± SEM. See also Figures S2
and S5.(in maximum intensity projections) surveyed after an hour
was reduced by 31% (p = 6 3 107) in the THIK-1 KO (Fig-
ures 4C and 4D; Movies S5 and S6). Carrying out a similar anal-
ysis in vivo on WT (Movie S7) and THIK-1 KO mice revealed a
similar 45% decrease of surveillance index (p = 4.4 3 108)
and a 38% reduction (p = 5.6 3 109) of area surveyed after
20 min (Figures 5A–5D; Movie S8). Thus, microglia without
THIK-1 channels survey less brain volume per unit time than their
WT counterparts, and so require a longer time to survey a given
brain volume.
Microglia with THIK-1 knocked out also showed a much less
complex ramification pattern, both in brain slices and in vivo (Fig-
ures 4A, 5A, and 5G; Movies S5 and S6). In perfusion-fixedmice,
capturing microglial morphology as it occurs in the undisturbed
brain in vivo, THIK-1 KO led to no change inmeanmicroglial den-
sity in the tissue or tiling pattern (Figures 5E and 5F), but a 3D
Sholl analysis of microglia revealed a significantly decreased
number of processes, smaller total process length, and fewer
process intersections with shells at different radii from the cell
soma (Figures 5G–5I). (This differs from the situation when the
CNS is repopulated with microglia, which results in a reduction
of process length but an increase of cell density [Varvel et al.,
2012].) The decrease in process number and ramification (Fig-
ures 5G–5I) is a major reason for the decreased surveillance
seen with THIK-1 blocked or knocked out. In contrast, KO of
TWIK-2 (Lloyd et al., 2011), another two-pore domain K+ channel
expressed in microglia (see above), had no effect on microglial
morphology (Figure S2).The block of THIK-1 by isoflurane
demonstrated in Figures 2C and 2E–2H
and the resulting decrease in ramification
and surveillance seen in Figure 3J suggest
that anaesthetizing animals with isoflur-
ane (or related gaseous anesthetics)might alter microglial properties, in contrast to using an anes-
thetic such as urethane, which does not affect THIK-1 (15 mM
urethane reduced the mean ATP-evoked current at 0 mV, as in
Figure 2C, by 4.0% ± 0.4% in 4 cells). A Sholl analysis of micro-
glial morphology in perfusion-fixed rats that inhaled 3% isoflur-
ane (in O2) for 1 hr or were instead anaesthetized with urethane
(and breathed O2) for 1 hr revealed that the animals receiving
the isoflurane displayed fewer processes and shorter total pro-
cess length than those receiving the urethane (Figures 5J–5L).
Thus, gaseous anesthetics can reduce microglial ramification,
which will in turn reduce surveillance.
Our data show that P2Y12 activity is necessary for directed
motility (Haynes et al., 2006), but not for surveillance. In contrast,
tonic THIK-1 activity is essential for maintaining normal micro-
glial ramification and immune surveillance of the brain but is
not needed for directed motility.
Microglial Membrane Potential Regulates Ramification
and Surveillance
To test whether the effect of THIK-1 on surveillance was medi-
ated by the voltage changes that alterations of THIK-1 activity
produce, we locally applied (through a patch pipette) an extra-
cellular solution containing 140 mM [K+] (in the presence of
0.5 mM TTX throughout to prevent neuronal hyperactivity). This
reversibly depolarized the targeted rat microglia by 23.2 ±
1.7mV in 6 cells (Figure 6A), resulting in themicroglia temporarily
and reversibly retracting their processes and decreasing surveil-






Figure 5. Effect of THIK-1 Knockout on Microglial Surveil-
lance, Morphology, and Density, In Vivo
(A) Specimen images taken 5 min apart in vivo of WT (P23) and
THIK-1 KO Iba1-GFP (P22) microglia, showing process extensions
and retractions (colors as in Figure 1A) and the less ramified shape
of microglia in the KO.
(B) Quantification of surveillance for microglia from P21–P27 WT
and KO mice, showing less surveillance in the KO.
(C) Time course of increase of the number of surveyed pixels
in maximum-intensity projections of images of microglia (as in
Movie S5, numbers of cells on bars in D) in WT and KO Iba1-GFP
mice aged P21–P27. Initial value is the area of the cell in the first
image frame.
(D) Initial slope of graphs in (C) (measured over the first 2 min, when
assessment of surveillance is least confounded by pixel overlap in
the maximum-intensity projection).
(E) Specimen images of perfusion-fixed WT and THIK-1 KO hip-
pocampal slices labeled for Iba1 show that microglial density and
tiling appear unchanged in the KO.
(F) Microglial density in the strata radiatum and lacunosum-mo-
leculare of areas CA1-CA3 of 12 WT and 12 KO hippocampal slices
(from 3 WT and 3 KO animals at P20–P27).
(G–I) Ramification analysis of P17–P21 microglia from perfu-
sion-fixed WT and THIK-1 KO mice showing (G) representative
3D-reconstructed WT and KO microglia, and (H and I) Sholl anal-
ysis-derived number of processes (H) and number of process in-
tersections with shells at distances (in 1 mm increments) from the
soma (I).
(J–L) Ramification analysis (as in G–I) of microglia in perfusion-fixed
P12 rats that had been anaesthetised for 1 hr either with isoflurane
or urethane. p values in (I) and (L) compare distributions (using two-
way ANOVA). Data are represented as mean ± SEM. See also
Figures S2 and S5.
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AEC D
B Figure 6. Effect of Depolarization on Micro-
glial Ramification and Surveillance
(A) Effect of locally applying 140 mM [K+]o solution
on P12 rat microglial membrane potential in hip-
pocampal slices.
(B) Images taken 5 min apart of microglial
morphology in normal solution, during depolari-
zation by perfusion of high-[K+]o solution in TTX,
and on recovery from the high-[K+]o solution
(colors as in Figure 1A).
(C and D) Time course of (C) surveillance and
(D) ramification during application of high-[K+]o
solution.
(E) Mean surveillance index in control and
high-[K+]o solution. Data are represented as
mean ± SEM. See also Figure S3.effect of the THIK-1 inhibitors and gene KO (it was not feasible to
similarly investigate the effect of hyperpolarization accurately
because superfusing solution lacking K+ produced a hyperpolar-
ization of only 6.1 ± 0.9 mV in 6 microglia). This suggests that the
rate of microglial surveillance of the brain is regulated by the
cells’ membrane potential, which is controlled by the tonic level
of THIK-1 activity.
Consistent with this conclusion, when 22.5 mM [K+]o solution
was superfused onto hippocampal slices from WT and THIK-1
KO mice (which depolarizes WT but not KO microglia; see
above), microglial surveillance was reduced for WT microglia
but was not further reduced for KO microglia (Figure S3).
THIK-1 Regulates Interleukin-1b Release
Finally, we investigated whether THIK-1 activity was needed for
the generation and release of immune mediators when microglia
become activated. IL-1b is a major pro-inflammatory cytokine
generated in response to infection, which contributes to tissue
injury during disease. The production of IL-1b from innate im-
mune cells such as macrophages and microglia requires the for-
mation of inflammasome complexes to activate caspase-1,
which generates interleukin-1b from its inactive precursor. In-
flammasome assembly is a two-stage process involving priming
by a Toll-like receptor agonist such as the bacterial coat compo-
nent lipopolysaccharide, followed by a fall of intracellular [K+]
evoked by an activating signal such as ATP (Mun˜oz-Planillo
et al., 2013). We reasoned that K+ loss evoked by ATP might
occur via THIK-1 in microglia. Applying only ATP (1 mM) or the
P2Y12 (and P2Y13 and P2Y1) receptor agonist 2-MeSADP
(50 mM) for 3 hr to rat hippocampal slices evoked very little inter-
leukin-1b release into the external solution (Figure 7A). Applying
lipopolysaccharide (LPS, 10 mg/ml) for 6 hr evoked some inter-
leukin-1b release, which was greatly enhanced when P2Y12 re-
ceptors were activated by ATP or 2-MeSADP to increase
THIK-1 activity during the last 3 hr of LPS exposure (activation
by the P2Y agonist 2-MeSADP suggests that P2X7 receptorNactivity was not needed for inflamma-
some assembly in these experiments).
Interleukin-1b release was inhibited by
the caspase-1 blocker Ac-YVAD-cmk
(50 mM) (Figure 7A). Blocking voltage-and Ca2+-gated K+ channels with 4-AP (1 mM) or charybdotoxin
(1 mM) had no significant effect (Figure 7B), but blocking THIK-1
with quinine (200 mM), bupivacaine (50 mM), or tetrapentylammo-
nium (50 mM) abolished the release of interleukin-1b evoked by
LPS+ATP (Figure 7C). Similarly, KO of THIK-1 greatly reduced
the interleukin-1b release evoked by LPS+ATP from mouse
hippocampal slices (Figure 7D). Thus, THIK-1 activity is essential
for the assembly of microglial inflammasome complexes and
for interleukin-1b release in response to LPS+ATP.
DISCUSSION
Our data establish two functionally and mechanistically distinct
modes of microglial motility (summarized in Figure 8). Directed
motility to an ATP source or laser-induced tissue damage is
mediated by P2Y12 receptors (Haynes et al., 2006) but does
not require activity of the THIK-1 subunit-containing two-pore
domain K+ channels that these receptors gate (Figures 3A, 3B,
and 3K). In contrast, microglial ramification and surveillance of
the brain do not require P2Y12 activity (or any signaling that it
evokes, e.g., changes of microglial cAMP or [Ca2+]i), but are
fundamentally dependent on the tonic activity of THIK-1 chan-
nels (Figures 3C–3J and 3L), which maintain the resting potential
of the microglia (Figures 2D–2H and 2J). Thus, directed motility
does not depend on surveillance, since THIK-1 block inhibits
surveillance (Figures 3G, 3H and 3L) but does not affect directed
motility (Figures 3B and 3K). Surprisingly, directed motility does
not require the normal negativemembrane potential that is main-
tained by THIK-1. However, depolarizing microglia, by blocking
or knocking out THIK-1 or by locally raising [K+]o, decreases mi-
croglial ramification and inhibits surveillance (Figures 2G, 2J, 4,
5A–5D, 5G–5I, 6, and S3). This depolarization-induced decrease
of ramification differs from that occurring during microglial acti-
vation (which takes hours; Kurpius et al., 2006) in that it is rapid
(10 min) and reversible (Figure 6D). Nevertheless, it is an inter-
esting possibility that the decreased ramification seen aftereuron 97, 299–312, January 17, 2018 307
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Figure 7. THIK-1 Inhibition Suppresses Interleukin-1b Release
(A) ELISA-measured IL-1b levels released from P12 rat hippocampal slices exposed to (for durations, see STAR Methods) no drugs, the P2Y12 (and P2Y13 and
P2Y1) receptor agonist 2-MeSADP (50 mM), ATP (1 mM), LPS (10 mg/ml), 2-MeSADP+LPS, ATP+LPS, and LPS or ATP+LPS in the presence of the caspase-1
blocker Ac-YVAD-cmk (50 mM) (numbers on bars are animals).
(B) Lack of effect of voltage- and Ca2+-activated K+ channel blockers (4-aminopyridine, 4-AP, 1 mM; charybdotoxin, CTX, 1 mM) on the IL-1b release
evoked as in (A).
(C) Effect of two-pore domain K+ channel blockers (quinine, 200 mM; bupivacaine, 50 mM; tetrapentylammonium, TPA, 50 mM) on the IL-1b release evoked as in
(A). Control, LPS, and LPS+ATP data from (A) are included in (B) and (C) for comparison.
(D) ELISA-measured IL-1b levels released from hippocampal slices from P20-32 WT and THIK-1 KO mice in control conditions, or treated with LPS (50 mg/ml),
ATP (1 mM), or ATP+LPS as in (A). Data are normalized to control data in rats (10.9 ± 3.1 pg/ml/cm2 of slice, n = 23 animals, with 2 slices averaged per animal) or
WT mice (1.30 ± 0.78 pg/ml/cm2 of slice, n = 4 animals, with 2 slices averaged per animal). Data are represented as mean ± SEM. See also Figure S5.activation may at least partly reflect a decrease of expression of
THIK-1, since Holtman et al. (2015) found a more than 2-fold
downregulation expression of mRNA for THIK-1 when cells
were activated by LPS.
The processmovements underlyingmicroglial surveillance are
generated by the actin cytoskeleton (Hines et al., 2009), but how
THIK-1 activity and membrane hyperpolarization alter the cyto-
skeleton to regulate surveillance is currently unknown. Sponta-
neous [Ca2+]i elevations in microglia are far too infrequent to
generate surveillance movements (Pozner et al., 2015). Since308 Neuron 97, 299–312, January 17, 2018directed motility is unaffected by blocking THIK-1 with tetrapen-
tylammonium (Figures 3B and 3K), the cytoskeletal events
generating directed motility in response to P2Y12 activation
must reflect P2Y12-mediated signaling events independent of
THIK-1 (and the K+ flux and voltage change it produces), such
as a rise of [Ca2+]i or a fall of [cAMP]i.
A combination of transcriptome (Butovsky et al., 2014; Zhang
et al., 2014; Hickman et al., 2013), electrophysiological (Figures
1D–1K), pharmacological, and gene KO (Figure 2) data strongly
implies that THIK-1 is the dominant component of the K+ channel
Figure 8. THIK-1 Regulates Microglial
Ramification, Surveillance, and Interleukin-
1b Release
Schematic showing how THIK-1 and P2Y12 are
central to the functions of microglia. In healthy
conditions (green dashed box), tonic activity of
THIK-1 maintains a negative resting membrane
potential (Vm) which is essential for normal mi-
croglial ramification and surveillance of the brain
(Figures 1–6).When tissue damage occurs (orange
box), ATP is released and converted to ADP by the
ecto-ATPase CD39 (which we have not studied in
this paper but which is believed to be an essential
part of the mechanism by which ATP release leads
to activation of P2Y12). This activates P2Y12, which
we have shown potentiates the activity of THIK-1
(Figures 1 and 2), hyperpolarizing the membrane
further. P2Y12 activation evokes process
outgrowth to seal off the damaged area, but this
does not require THIK-1 activation (Figures 3B
and 3K), and so presumably reflects the other
known actions of P2Y12, i.e., lowering [cAMP]i and
raising [Ca2+]i (black box). Inflammasome assem-
bly (red box) is triggered by the combination of
activation of Toll-like receptor 4 (TLR4) by, for
example, LPS—a priming stimulus—and activa-
tion of P2Y12 (and possibly P2Y13) by ATP or ADP.
Loss of K+ from the cell and a fall of [K+]i is needed
for inflammasome assembly (Mun˜oz-Planillo et al.,
2013), and this is mediated by THIK-1, since block
or KO of this channel prevents the release of the
inflammatory cytokine interleukin-1b (Figure 7).maintaining the resting potential of microglia, and thus maintain-
ing microglial ramification and continuous surveillance of the
brain via processmovement. It is generally assumed that this mi-
croglial surveillance is needed not only for the detection of path-
ogens and brain damage (Hanisch and Kettenmann, 2007) but
also to monitor the activity of neurons and synapses, dampening
activity (Li et al., 2012), and pruning synapses (Wake et al., 2009;
Tremblay et al., 2010; Schafer et al., 2012) when necessary.
Furthermore, we find that P2Y12 receptor-mediated THIK-1
activity is essential, following priming of microglia with LPS, for
the release of interleukin-1b, a key pro-inflammatory driver in
many neurodegenerative diseases. This process requires the
K+-efflux-triggered assembly and activation of inflammasome
complexes in immune cells (Mun˜oz-Planillo et al., 2013), so, as
THIK-1 is the dominant K+ conductance in microglia, it is likely
that the K+ efflux occurs largely via THIK-1 (Figure 8).
Interestingly, transcriptome analysis indicates that THIK-1 is
not expressed in the cultured microglia often used to assess
CNS immune cell function or in macrophages or other immune
cells (Butovsky et al., 2014), which explains why its role has
not previously been identified. Identification of the importance
of THIK-1 will allow experiments modulating it to assess the
contribution of microglial surveillance to the diverse functions
that these cells are thought to carry out, including synaptic
pruning, modulating neuronal firing, detecting pathogens, and
phagocytosing dead neurons.
THIK-1 expressionmayvarybetweenmicroglia indifferentCNS
locations, contributing to differences in microglial morphology,surveillance, and release of immune mediators. In the basal
ganglia, microglia in the substantia nigra pars reticulata have a
resting potential that is on average 10–20 mV more negative
than the resting potential of microglia in the substantia nigra
pars compacta or the ventral tegmental area, and pars reticulata
microglia also exhibit a considerably more ramified shape
(De Biase et al., 2017). Given the effect of membrane potential
on microglial morphology and surveillance that we observe (Fig-
ures 6 and S3), these data are consistent with the idea that pars
reticulata microglia express more THIK-1 (relative to other mem-
brane ion channels) than the microglia in nearby areas. In future
work it will be interesting to make a mouse in which it is possible
to optogenetically change microglial membrane potential and
examine the effect in different brain areas on ramification, surveil-
lance, and release of immune mediators.
THIK-1 mRNA expression increases after microglia enter the
brain around embryonic day 13.5 (Matcovitch-Natan et al., 2016)
and then is approximately constant until adulthood, but then de-
creases with age (Hickman et al., 2013), which may impair CNS
immune surveillance and inflammatory responses in the elderly.
Similarly, gaseous anesthetics inhibit THIK-1 (Figures 2C and
2E–2H) and may suppress microglial function during operations
under anesthesia. The inhibitory effect of isoflurane anesthesia
on microglial ramification and surveillance, both in slices (Figures
3I, 3J, and 3L) and in vivo (Figures 5J–5L), suggests that future
in vivo experiments studying motility should avoid the use of
isoflurane or other anesthetics that block THIK-1. The increase
of extracellular potassium concentration to 60 mM during theNeuron 97, 299–312, January 17, 2018 309
spreading depression associated with migraine, stroke, sub-
arachnoid hemorrhage or brain injury (Lauritzen et al., 2011), or
the anoxic depolarization induced by ischemia (Hansen, 1985),
and the 10 mM [K+]o rise occurring during synchronous high-fre-
quency activity of many neurons as occurs in epilepsy (Hansen,
1985), are also expected to depolarize microglia and decrease
their ramification and surveillance (Figures 6 and S3). In contrast,
the [K+]o rise occurring during normal neuronal activity (1 mM;
Hansen, 1985) is much smaller and will have little effect.
The impairment of motility of microglial processes that occurs
in some pathological conditions, e.g., in models of Alzheimer’s
disease with amyloid b plaque deposition (Koenigsknecht-Tal-
boo et al., 2008; Krabbe et al., 2013; Condello et al., 2015) raises
the question of whether the dependence of surveillance on
THIK-1 activity can be employed therapeutically. Increasing
THIK-1 activity might enhance surveillance and neuroprotection
(in disease or old age) or increase synaptic pruning during devel-
opment (e.g., to reduce changes leading to autism; Zhan et al.,
2014), while decreasing THIK-1 activity could be employed to
reduce these microglial actions (e.g., to reduce microglial-medi-
ateddamage tobystander neurons indisease;Bialas et al., 2017).
STAR+METHODS
Detailed methods are provided in the online version of this paper
and include the following:
d KEY RESOURCES TABLE
d CONTACT FOR REAGENT AND RESOURCE SHARING
d EXPERIMENTAL MODEL AND SUBJECT DETAILS




B Two-photon imaging and laser-evoked tissue damage
B Analysis of imaging data
B Microglial immunostaining and Sholl analysis
B Measurement of anesthetic concentration for slice ex-
periments
B In vivo experiments
B ELISA measurements of interleukin-1b release
B Generation of THIK-1 knock-out mice
d QUANTIFICATION AND STATISTICAL ANALYSIS
d DATA AND SOFTWARE AVAILABILITY
SUPPLEMENTAL INFORMATION
Supplemental Information includes five figures and eight movies and can be
found with this article online at https://doi.org/10.1016/j.neuron.2017.12.002.
ACKNOWLEDGMENTS
Supported by a Wellcome Trust Programme Grant (075232/Z/04/Z) and Senior
Investigator Award (099222/Z/12/Z) to D.A., an EUMarie Curie fellowship (PIEF-
GA-20 10-274384 – BrainEnergyControl) and SNSF grant 31003A_170079 to
R.J., and NIH grants R01NS046666 and R21HL098921 to R.M.B. The C57BL/
6N-Kcnk13<em1H>/H THIK-1 KO mice were obtained from MRC-Harwell,
which distributes them for the European Mouse Mutant Archive (https://www.
infrafrontier.eu/). MRC-Harwell is a member of the International Mouse Pheno-310 Neuron 97, 299–312, January 17, 2018typing Consortium and has funding from the Medical Research Council for
generating (53658) and phenotyping (53650) the mice. Funding and primary
phenotypic information may be found at http://www.mousephenotype.org. We
thank Stuart Martin for genotyping; Claudia Eder for Iba1-eGFP mice; Joseph
ElKhoury,YeZhang,andBenBarres for transcriptomedata;KerstiKaru for anal-
ysis of anaesthetic concentrations; Claudia Eder for advice; and Boris Barbour,
Heinrich Betz,Marc Ford, Pablo Izquierdo, Dimitri Kullmann, AngusSilver, Lucia
Sivilotti, Ken Smith, and Kaylene Young for comments on the manuscript.
AUTHOR CONTRIBUTIONS
D.A., C.M., and R.J. conceived the paper. C.M. carried out the experiments in
Figures 1B–1K, 2, 3, 4A, 4B, 5F, 6, and S1 and contributed to Figures 5A–5D
and S4. R.J. carried out experiments in Figures 1A and 3 and contributed to
Figures 1B–1E, 4C, 4D, 6B–6E, and S4. I.L.A.-C. carried out experiments for
Figures 4C–4D, 5E–5I, S1A, S2, and S5. V.K. carried out experiments for Fig-
ures 5A–5D, 5J–5L, 7, and S3. C.M. developed the patch-clamping methods
used to study microglia, R.J. developed the imaging methods and software,
I.L.A.-C. developed anatomical and molecular methods and the 3D Sholl anal-
ysis software, and V.K. developed inflammation activation assay techniques
for brain slices. S.K. donated Iba1-eGFP mice. R.M.B. created and perfusion
fixed TWIK-2 KO and WT mice for Figure S2. All UCL-based authors designed
the experiments, organized transgenic mouse colonies, and analyzed data.
D.A. and C.M. wrote the paper.
DECLARATION OF INTERESTS
The authors declare no competing interests.
Received: July 26, 2017
Revised: November 6, 2017
Accepted: November 30, 2017
Published: December 28, 2017
SUPPORTING CITATIONS
The following reference appears in the Supplemental Information: De Simoni
et al. (2008).
REFERENCES
Bernardino, L., Balosso, S., Ravizza, T., Marchi, N., Ku, G., Randle, J.C.,
Malva, J.O., and Vezzani, A. (2008). Inflammatory events in hippocampal slice
cultures prime neuronal susceptibility to excitotoxic injury: a crucial role of
P2X7 receptor-mediated IL-1beta release. J. Neurochem. 106, 271–280.
Bialas, A.R., Presumey, J., Das, A., van der Poel, C.E., Lapchak, P.H., Mesin,
L., Victora, G., Tsokos, G.C., Mawrin, C., Herbst, R., and Carroll, M.C. (2017).
Microglia-dependent synapse loss in type I interferon-mediated lupus. Nature
546, 539–543.
Bischofberger, J., Engel, D., Li, L., Geiger, J.R.P., and Jonas, P. (2006). Patch-
clamp recording from mossy fiber terminals in hippocampal slices. Nat.
Protoc. 1, 2075–2081.
Bohlen, C.J., Bennett, F.C., Tucker, A.F., Collins, H.Y., Mulinyawe, S.B., and
Barres, B.A. (2017). Diverse requirements for microglial survival, specification,
and function revealed by defined-medium cultures. Neuron 94, 759–773.e8.
Boucsein, C., Zacharias, R., F€arber, K., Pavlovic, S., Hanisch, U.K., and
Kettenmann, H. (2003). Purinergic receptors on microglial cells: functional
expression in acute brain slices and modulation of microglial activation
in vitro. Eur. J. Neurosci. 17, 2267–2276.
Bradley, A., Anastassiadis, K., Ayadi, A., Battey, J.F., Bell, C., Birling, M.-C.,
Bottomley, J., Brown, S.D., B€urger, A., Bult, C.J., et al. (2012). The mammalian
gene function resource: the International Knockout Mouse Consortium.
Mamm. Genome 23, 580–586.
Brown, S.D., and Moore, M.W. (2012). The International Mouse Phenotyping
Consortium: past and future perspectives on mouse phenotyping. Mamm.
Genome 23, 632–640.
Butovsky, O., Jedrychowski, M.P., Moore, C.S., Cialic, R., Lanser, A.J.,
Gabriely, G., Koeglsperger, T., Dake, B., Wu, P.M., Doykan, C.E., et al.
(2014). Identification of a unique TGF-b-dependent molecular and functional
signature in microglia. Nat. Neurosci. 17, 131–143.
Charolidi, N., Schilling, T., and Eder, C. (2015). Microglial Kv1.3 channels and
P2Y12 receptors differentially regulate cytokine and chemokine release from
brain slices of young adult and aged mice. PLoS ONE 10, e0128463.
Chu, Y., Jin, X., Parada, I., Pesic, A., Stevens, B., Barres, B., and Prince, D.A.
(2010). Enhanced synaptic connectivity and epilepsy in C1q knockout mice.
Proc. Natl. Acad. Sci. USA 107, 7975–7980.
Condello, C., Yuan, P., Schain, A., and Grutzendler, J. (2015). Microglia consti-
tute a barrier that prevents neurotoxic protofibrillar Ab42 hotspots around pla-
ques. Nat. Commun. 6, 6176.
Davalos, D., Grutzendler, J., Yang, G., Kim, J.V., Zuo, Y., Jung, S., Littman,
D.R., Dustin, M.L., and Gan, W.B. (2005). ATP mediates rapid microglial
response to local brain injury in vivo. Nat. Neurosci. 8, 752–758.
Davalos, D., Ryu, J.K., Merlini, M., Baeten, K.M., Le Moan, N., Petersen, M.A.,
Deerinck, T.J., Smirnoff, D.S., Bedard, C., Hakozaki, H., et al. (2012).
Fibrinogen-induced perivascular microglial clustering is required for the devel-
opment of axonal damage in neuroinflammation. Nat. Commun. 3, 1227.
De Biase, L.M., Schuebel, K.E., Fusfeld, Z.H., Jair, K., Hawes, I.A., Cimbro, R.,
Zhang, H.Y., Liu, Q.R., Shen, H., Xi, Z.X., et al. (2017). Local cues establish and
maintain region-specific phenotypes of basal ganglia microglia. Neuron 95,
341–356.e6.
De Simoni, A., Allen, N.J., and Attwell, D. (2008). Charge compensation for
NADPH oxidase activity inmicroglia in rat brain slices does not involve a proton
current. Eur. J. Neurosci. 28, 1146–1156.
Dixon, D.B., Takahashi, K., Bieda, M., and Copenhagen, D.R. (1996). Quinine,
intracellular pH and modulation of hemi-gap junctions in catfish horizontal
cells. Vision Res. 36, 3925–3931.
Franks, N.P., and Lieb, W.R. (1996). Temperature dependence of the potency
of volatile general anesthetics: implications for in vitro experiments.
Anesthesiology 84, 716–720.
Gardiner, W.J., and Teboul, L. (2009). Overexpression transgenesis in mouse:
pronuclear injection. Methods Mol. Biol. 561, 111–126.
Gosselin, D., Skola, D., Coufal, N.G., Holtman, I.R., Schlachetzki, J.C.M., Sajti,
E., Jaeger, B.N., O’Connor, C., Fitzpatrick, C., Pasillas, M.P., et al. (2017). An
environment-dependent transcriptional network specifies human microglia
identity. Science 356, eaal3222.
Grinberg, Y.Y., Milton, J.G., and Kraig, R.P. (2011). Spreading depression
sends microglia on Le´vy flights. PLoS ONE 6, e19294.
Guerra, M.C., Tortorelli, L.S., Galland, F., Da Re´, C., Negri, E., Engelke, D.S.,
Rodrigues, L., Leite, M.C., and Gonc¸alves, C.A. (2011). Lipopolysaccharide
modulates astrocytic S100B secretion: a study in cerebrospinal fluid and
astrocyte cultures from rats. J. Neuroinflammation 8, 128.
Gyoneva, S., and Traynelis, S.F. (2013). Norepinephrine modulates the motility
of resting and activated microglia via different adrenergic receptors. J. Biol.
Chem. 288, 15291–15302.
Gyoneva, S., Davalos, D., Biswas, D., Swanger, S.A., Garnier-Amblard, E.,
Loth, F., Akassoglou, K., and Traynelis, S.F. (2014). Systemic inflammation
regulates microglial responses to tissue damage in vivo. Glia 62, 1345–1360.
Hanisch, U.K., and Kettenmann, H. (2007). Microglia: active sensor and versa-
tile effector cells in the normal and pathologic brain. Nat. Neurosci. 10,
1387–1394.
Hansen, A.J. (1985). Effect of anoxia on ion distribution in the brain. Physiol.
Rev. 65, 101–148.
Haynes, S.E., Hollopeter, G., Yang, G., Kurpius, D., Dailey, M.E., Gan, W.B.,
and Julius, D. (2006). The P2Y12 receptor regulates microglial activation by
extracellular nucleotides. Nat. Neurosci. 9, 1512–1519.
Hickman, S.E., Kingery, N.D., Ohsumi, T.K., Borowsky, M.L., Wang, L.C.,
Means, T.K., and El Khoury, J. (2013). The microglial sensome revealed by
direct RNA sequencing. Nat. Neurosci. 16, 1896–1905.Hines, D.J., Hines, R.M., Mulligan, S.J., and Macvicar, B.A. (2009). Microglia
processes block the spread of damage in the brain and require functional chlo-
ride channels. Glia 57, 1610–1618.
Hines, D.J., Choi, H.B., Hines, R.M., Phillips, A.G., and MacVicar, B.A. (2013).
Prevention of LPS-inducedmicroglia activation, cytokine production and sick-
ness behavior with TLR4 receptor interfering peptides. PLoS ONE 8, e60388.
Hirasawa, T., Ohsawa, K., Imai, Y., Ondo, Y., Akazawa, C., Uchino, S., and
Kohsaka, S. (2005). Visualization of microglia in living tissues using Iba1-
EGFP transgenic mice. J. Neurosci. Res. 81, 357–362.
Hoffmann, K., Baqi, Y., Morena, M.S., Gl€anzel, M., M€uller, C.E., and von
K€ugelgen, I. (2009). Interaction of new, very potent non-nucleotide antagonists
with Arg256 of the human platelet P2Y12 receptor. J. Pharmacol. Exp. Ther.
331, 648–655.
Holtman, I.R., Raj, D.D., Miller, J.A., Schaafsma, W., Yin, Z., Brouwer, N., Wes,
P.D., Mo¨ller, T., Orre, M., Kamphuis, W., et al. (2015). Induction of a common
microglia gene expression signature by aging and neurodegenerative condi-
tions: a co-expression meta-analysis. Acta Neuropathol. Commun. 3, 31.
Koenigsknecht-Talboo, J., Meyer-Luehmann, M., Parsadanian, M., Garcia-
Alloza, M., Finn, M.B., Hyman, B.T., Bacskai, B.J., and Holtzman, D.M.
(2008). Rapid microglial response around amyloid pathology after systemic
anti-Abeta antibody administration in PDAPP mice. J. Neurosci. 28,
14156–14164.
Krabbe, G., Halle, A., Matyash, V., Rinnenthal, J.L., Eom, G.D., Bernhardt, U.,
Miller, K.R., Prokop, S., Kettenmann, H., and Heppner, F.L. (2013). Functional
impairment of microglia coincides with Beta-amyloid deposition in mice with
Alzheimer-like pathology. PLoS ONE 8, e60921.
Kurpius, D., Wilson, N., Fuller, L., Hoffman, A., and Dailey, M.E. (2006). Early
activation, motility, and homing of neonatal microglia to injured neurons
does not require protein synthesis. Glia 54, 58–70.
Lauritzen, M., Dreier, J.P., Fabricius, M., Hartings, J.A., Graf, R., and Strong,
A.J. (2011). Clinical relevance of cortical spreading depression in neurological
disorders: migraine, malignant stroke, subarachnoid and intracranial hemor-
rhage, and traumatic brain injury. J. Cereb. Blood Flow Metab. 31, 17–35.
Li, Y., Du, X.F., Liu, C.S., Wen, Z.L., and Du, J.L. (2012). Reciprocal regulation
between restingmicroglial dynamics and neuronal activity in vivo. Dev. Cell 23,
1189–1202.
Lloyd, E.E., Crossland, R.F., Phillips, S.C., Marrelli, S.P., Reddy, A.K., Taffet,
G.E., Hartley, C.J., and Bryan, R.M., Jr. (2011). Disruption of K(2P)6.1 produces
vascular dysfunction and hypertension in mice. Hypertension 58, 672–678.
Lotshaw, D.P. (2007). Biophysical, pharmacological, and functional character-
istics of cloned and native mammalian two-pore domain K+ channels. Cell
Biochem. Biophys. 47, 209–256.
Matcovitch-Natan, O., Winter, D.R., Giladi, A., Vargas Aguilar, S., Spinrad, A.,
Sarrazin, S., Ben-Yehuda, H., David, E., Zelada Gonza´lez, F., Perrin, P., et al.
(2016). Microglia development follows a stepwise program to regulate brain
homeostasis. Science 353, aad8670.
McDougall, S.J., Peters, J.H., LaBrant, L., Wang, X., Koop, D.R., and
Andresen, M.C. (2008). Paired assessment of volatile anesthetic concentra-
tions with synaptic actions recorded in vitro. PLoS ONE 3, e3372.
Mun˜oz-Planillo, R., Kuffa, P., Martı´nez-Colo´n, G., Smith, B.L., Rajendiran,
T.M., and Nu´n˜ez, G. (2013). K+ efflux is the common trigger of NLRP3 inflam-
masome activation by bacterial toxins and particulate matter. Immunity 38,
1142–1153.
Nimmerjahn, A., Kirchhoff, F., and Helmchen, F. (2005). Restingmicroglial cells
are highly dynamic surveillants of brain parenchyma in vivo. Science 308,
1314–1318.
Ohsawa, K., Irino, Y., Sanagi, T., Nakamura, Y., Suzuki, E., Inoue, K., and
Kohsaka, S. (2010). P2Y12 receptor-mediated integrin-b1 activation regulates
microglial process extension induced by ATP. Glia 58, 790–801.
Pettitt, S.J., Liang, Q., Rairdan, X.Y., Moran, J.L., Prosser, H.M., Beier, D.R.,
Lloyd, K.C., Bradley, A., and Skarnes, W.C. (2009). Agouti C57BL/6N embry-
onic stem cells for mouse genetic resources. Nat. Methods 6, 493–495.Neuron 97, 299–312, January 17, 2018 311
Pfeiffer, T., Avignone, E., and N€agerl, U.V. (2016). Induction of hippocampal
long-term potentiation increases the morphological dynamics of microglial
processes and prolongs their contacts with dendritic spines. Sci. Rep.
6, 32422.
Piechotta, P.L., Rapedius, M., Stansfeld, P.J., Bollepalli, M.K., Ehrlich, G.,
Andres-Enguix, I., Fritzenschaft, H., Decher, N., Sansom, M.S., Tucker, S.J.,
and Baukrowitz, T. (2011). The pore structure and gating mechanism of K2P
channels. EMBO J. 30, 3607–3619.
Pozner, A., Xu, B., Palumbos, S., Gee, J.M., Tvrdik, P., and Capecchi, M.R.
(2015). Intracellular calcium dynamics in cortical microglia responding to focal
laser injury in the PC:G5-tdT reporter mouse. Front. Mol. Neurosci. 8, 12.
Rajan, S., Wischmeyer, E., Karschin, C., Preisig-M€uller, R., Grzeschik, K.H.,
Daut, J., Karschin, A., and Derst, C. (2001). THIK-1 and THIK-2, a novel sub-
family of tandem pore domain K+ channels. J. Biol. Chem. 276, 7302–7311.
Renigunta, V., Zou, X., Kling, S., Schlichtho¨rl, G., and Daut, J. (2014). Breaking
the silence: functional expression of the two-pore-domain potassium channel
THIK-2. Pflugers Arch. 466, 1735–1745.
Roth, T.L., Nayak, D., Atanasijevic, T., Koretsky, A.P., Latour, L.L., and
McGavern, D.B. (2014). Transcranial amelioration of inflammation and cell
death after brain injury. Nature 505, 223–228.
Schafer, D.P., Lehrman, E.K., Kautzman, A.G., Koyama, R., Mardinly, A.R.,
Yamasaki, R., Ransohoff, R.M., Greenberg, M.E., Barres, B.A., and Stevens,
B. (2012). Microglia sculpt postnatal neural circuits in an activity and comple-
ment-dependent manner. Neuron 74, 691–705.
Schmidt, J., Stoffels, B., Chanthaphavong, R.S., Buchholz, B.M., Nakao, A.,
and Bauer, A.J. (2012). Differential molecular and cellular immunemechanisms
of postoperative and LPS-induced ileus in mice and rats. Cytokine 59, 49–58.
Sholl, D.A. (1953). Dendritic organization in the neurons of the visual andmotor
cortices of the cat. J. Anat. 87, 387–406.
Sieger, D., Moritz, C., Ziegenhals, T., Prykhozhij, S., and Peri, F. (2012). Long-
range Ca2+ waves transmit brain-damage signals to microglia. Dev. Cell 22,
1138–1148.
Sipe, G.O., Lowery, R.L., Tremblay, M.E`., Kelly, E.A., Lamantia, C.E., and
Majewska, A.K. (2016). Microglial P2Y12 is necessary for synaptic plasticity
in mouse visual cortex. Nat. Commun. 7, 10905.312 Neuron 97, 299–312, January 17, 2018Stevens, B., Allen, N.J., Vazquez, L.E., Howell, G.R., Christopherson, K.S.,
Nouri, N., Micheva, K.D., Mehalow, A.K., Huberman, A.D., Stafford, B., et al.
(2007). The classical complement cascade mediates CNS synapse elimina-
tion. Cell 131, 1164–1178.
Swiatkowski, P., Murugan, M., Eyo, U.B., Wang, Y., Rangaraju, S., Oh, S.B.,
andWu, L.J. (2016). Activation of microglial P2Y12 receptor is required for out-
ward potassium currents in response to neuronal injury. Neuroscience
318, 22–33.
The´venaz, P., Ruttimann, U.E., and Unser, M. (1998). A pyramid approach to
subpixel registration based on intensity. IEEE Trans. Image Process. 7, 27–41.
Tremblay, M.E., Lowery, R.L., and Majewska, A.K. (2010). Microglial interac-
tions with synapses are modulated by visual experience. PLoS Biol. 8,
e1000527.
Varvel, N.H., Grathwohl, S.A., Baumann, F., Liebig, C., Bosch, A., Brawek, B.,
Thal, D.R., Charo, I.F., Heppner, F.L., Aguzzi, A., et al. (2012). Microglial repo-
pulation model reveals a robust homeostatic process for replacing CNS
myeloid cells. Proc. Natl. Acad. Sci. USA 109, 18150–18155.
Wake, H., Moorhouse, A.J., Jinno, S., Kohsaka, S., and Nabekura, J. (2009).
Resting microglia directly monitor the functional state of synapses in vivo
and determine the fate of ischemic terminals. J. Neurosci. 29, 3974–3980.
Wu, L.J., Vadakkan, K.I., and Zhuo, M. (2007). ATP-induced chemotaxis of
microglial processes requires P2Y receptor-activated initiation of outward
potassium currents. Glia 55, 810–821.
Yoshida, K., and Inouye, K. (2001). Myosin II-dependent cylindrical protrusions
induced by quinine in Dictyostelium: antagonizing effects of actin polymeriza-
tion at the leading edge. J. Cell Sci. 114, 2155–2165.
Zhan, Y., Paolicelli, R.C., Sforazzini, F., Weinhard, L., Bolasco, G., Pagani, F.,
Vyssotski, A.L., Bifone, A., Gozzi, A., Ragozzino, D., and Gross, C.T. (2014).
Deficient neuron-microglia signaling results in impaired functional brain con-
nectivity and social behavior. Nat. Neurosci. 17, 400–406.
Zhang, Y., Chen, K., Sloan, S.A., Bennett, M.L., Scholze, A.R., O’Keeffe, S.,
Phatnani, H.P., Guarnieri, P., Caneda, C., Ruderisch, N., et al. (2014). An
RNA-sequencing transcriptome and splicing database of glia, neurons, and
vascular cells of the cerebral cortex. J. Neurosci. 34, 11929–11947.
STAR+METHODSKEY RESOURCES TABLEREAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Iba1 Synaptic systems Cat#234003
Donkey anti-rabbit IgG (H+L) Alexa Fluor
488-congugated secondary
ThermoFisher Cat#A-21206
Donkey anti-rabbit IgG (H+L) Alexa Fluor
555-congugated secondary
ThermoFisher Cat#A-31572
Chemicals, Peptides, and Recombinant Proteins
Lipopolysaccharide Sigma Escherichia coli 055:B5, Cat#L2880
DMEM GIBCO Cat#41965-039
MEM GIBCO Cat#42360-032
ATP-Mg salt Sigma-Aldrich Cat#A9187





























ELISA for rat interleukin-1b R&D Systems RLB00
ELISA for mouse interleukin-1b R&D Systems MLB00C
(Continued on next page)
Neuron 97, 299–312.e1–e6, January 17, 2018 e1
Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental Models: Organisms/Strains
THIK-1 KO mouse MRC Harwell Kcnk13-INS1-EM1-B6N
Iba1-GFP mouse Prof S Kohsaka Iba1-GFP mouse
TWIK-2 KO mouse Prof RM Bryan TWIK-2 KO mouse
Software and Algorithms
ImageJ NIH https://fiji.sc/ or https://imagej.nih.gov/ij/
Vaa3D Allen Institute http://www.alleninstitute.org/what-we-do/
brain-science/research/products-tools/vaa3d/
Directed Motility Analysis software Written in house N/A
Surveillance Analysis software Written in house N/A
Ramification Analysis software Written in house N/A
Sholl Analysis software Written in house N/ACONTACT FOR REAGENT AND RESOURCE SHARING
Requests for further information, resources, and reagents should be directed to andwill be fulfilled by the LeadContact, David Attwell
(d.attwell@ucl.ac.uk). Iba1-GFP mice are subject to restrictions imposed in an MTA by S. Kohsaka. THIK-1 KO mice are subject to
restrictions imposed in an MTA by the Medical Research Council, UK.
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Experiments used Sprague-Dawley rats, transgenicmice expressing eGFP under control of the Iba1 promoter (Hirasawa et al., 2005),
or transgenicmicewith THIK-1 expression deleted (see below), of either sex. Pre-weaning animals were housedwith theirmother and
sometimes the father as well; weaned animals were housed in groups of 2-5. Housing was in individually ventilated cages. Animal
procedures were carried out in accordance with the guidelines of the UK Animals (Scientific Procedures) Act 1986 and subsequent
amendments. All data are from rats except wheremice are explicitly stated. Ages are stated in the figure legends for each experiment.
METHOD DETAILS
Brain slice preparation
Acute hippocampal slices (300 mm thick) were prepared (Bischofberger et al., 2006) from P12 Sprague-Dawley rats or P15-P27
(as stated in the text) transgenic mice in ice-cold solution containing (mM) 124 NaCl, 26 NaHCO3, 1 NaH2PO4, 2.5 KCl, 2 MgCl2,
2 CaCl2, 10 glucose, bubbled with 95% O2/5% CO2, pH 7.4, as well as 1 mM Na-kynurenate to block glutamate receptors. Brain
slicing does not activate microglia for at least 4 hours, as judged by cell morphology, motility and interleukin 1b release (Kurpius
et al., 2006; Gyoneva and Traynelis, 2013), and allows pharmacological investigation of mechanisms in a manner that is not possible
using in vivo experiments. Slices were incubated in darkness at room temperature (22–24C) in oxygenated HEPES-buffered external
solution (see below) containing 25 mg/ml Alexa 594 conjugated isolectin B4 for all experiments involving imaging (or imaging and elec-
trophysiology) or 25 mg/ml Alexa 568 conjugated isolectin B4 (for electrophysiology experiments without imaging) for 30 min (Kurpius
et al., 2006; Grinberg et al., 2011) before being used in experiments. Isolectin B4 labeling does not activate microglia (Grinberg et al.,
2011) and avoids function changes which might occur in transgenically-labeled microglia; however, the microglial labeling is
somewhat dimmer than in the Iba1-GFP mice.
External solutions
Slices were superfused with HEPES-buffered solution, at 34-36C for all experiments involving imaging (or imaging and electrophys-
iology) and at room temperature (22-24C) for purely electrophysiological experiments, containing (mM) 140 NaCl, 2.5 KCl,
10 HEPES, 1 NaH2PO4, 2 CaCl2, 1 MgCl2, 10 glucose, pH set to 7.4 with NaOH, bubbled with 100% O2. For experiments involving
application of K+ channel blockers 0.5 mM TTX was added to all external solutions to prevent any changes in neuronal activity that
might occur.
Intracellular solutions
Cells were whole-cell clamped with electrodes containing KCl (or CsCl for Figure 1G) based solution, comprising (mM) 125 KCl
(or CsCl), 4 NaCl, 1 CaCl2, 10 HEPES, 10 EGTA, 4 MgATP, 0.5 Na2GTP, pH set to 7.1 with KOH or CsOH. Final osmolarity was
285 ± 5 mOsm.e2 Neuron 97, 299–312.e1–e6, January 17, 2018
Electrophysiology
Microglia were identified by their fluorescent label and ramifiedmorphology, and whole-cell clamped at a depth of50-100 mm in the
slice at room temperature (22-24C), or at 34-36C if combined with imaging or laser damage experiments, using borosilicate
pipettes with a tip resistance of 5 MU, giving a series resistance of < 20 MU. Electrode junction potentials were compensated.
I-V relations were from responses to 200 msec voltage steps.
Two-photon imaging and laser-evoked tissue damage
Microglia in hippocampal sliceswere imaged at 34-36C, at a depth of50-100 mm in the slice (to avoid studying superficial microglia
that had started to become activated by the slicing procedure) using a Zeiss LSM710 or 780microscope (with a 20X lens, NA 1.0) and
a Spectraphysics Mai Tai DeepSee eHP Ti:sapphire infrared laser. For imaging of microglia labeled with isolectin B4-Alexa 594, the
laser was tuned to a wavelength of 800 nm, while for imaging cells labeled with eGFP a wavelength of 920 nmwas used; generally the
laser was adjusted to 1.8% of its maximum power at 800 nm or 6%–8% at 920 nm, corresponding to 5 mW and 12 mW respec-
tively at the preparation, i.e., well within the intensities used by others (Wake et al., 2009; Hines et al., 2009; Pfeiffer et al., 2016). The
pixel dwell time was 1 msec. Ablation of a small volume of tissue (‘‘laser damage’’) was performed by illuminating a5 mm radius spot
with the laser intensity increased 30-fold and the pixel dwell time increased to 100 msec. For imaging of directed process motility in
response to a pipette filled with 1 mM ATP or laser-induced tissue damage, stacks of 21-31 slices imaged at 2 mm depth intervals
were acquired every 30 s. For imaging of microglial surveillance in the absence of damage or applied ATP (baseline surveillance),
stacks of 21-31 slices imaged at 2 mmdepth intervals were acquired every 60 s. Images were typically 512 by 512 pixels and covered
a square field of view 200 to 250 mm wide.
Analysis of imaging data
Analysis of two-photon images was performed using custom-written ImageJ (NIH) and MATLAB scripts (The MathWorks).
The software is available on request.
For analysis and quantification of microglial directed processmotility in response to a pipette filled with 1mMATP or laser-induced
tissue damage, each slice of every stackwas first filteredwith amedian filter (which replaces each pixel valuewith themedian value of
the 3 pixel x 3 pixel array centered on that pixel). We then performed a maximum intensity projection, registered (The´venaz et al.,
1998), and binarised the resulting two-dimensional movies (setting the threshold for binarisation manually). The resulting movies
were processed using a MATLAB script inspired by the algorithm described by Gyoneva et al. (2014). Briefly, after the user manually
clicks on the final target of chemotactic processes (i.e., either the tip of the glass pipette containing ATP or the center of the area
damaged with the laser), the algorithm divides the surrounding area into concentric circles with radii at 2 mm intervals, and then seg-
ments these circles into 32 radial sectors, thus creating 32 patches between every two consecutive concentric circles. Then, for each
frame, starting from the center, the algorithm searches in every radial sector for the first patch containing > 10 positive pixels (labeled
microglia). The outputs of the algorithm are, for each frame, (i) the distance to the microglial process front in each sector and (ii) the
surface area contained within the converging microglial process front.
For analysis and quantification of microglial surveillance, each slice of every stack was filtered with a median filter after subtraction
of smooth continuous backgroundwith the ImageJ ‘subtract background’ plugin with a ball size of 30 pixels. The 4D stacks were then
registered first for lateral drift, then rotated 90 on their side, registered for z-drift and rotated back to their original orientation.We then
performed a maximum intensity projection. Cells of interest were individually selected by manually drawing a region of interest (ROI)
around an area including all their process extensions over the whole duration of the resulting 2D movie and erasing data around that
ROI. These 2D movies of individual cells were then manually binarised and saved as independent files.
To quantify ramification, the resulting movies were processed usingMATLAB. In eachmovie frame, theMATLAB functions bwarea
(www.mathworks.com/help/images/ref/bwarea.html) and bwperim (http://mathworks.com/help/images/ref/bwperim.html) with
8-connected neighborhood were used to quantify respectively the area and the perimeter of the cell. The ramification index R is
defined as the ratio of the perimeter to the area, normalized by that same ratio calculated for a circle of the same area. Specifically:
R= ðperimeter=areaÞ=½2:ðp=areaÞ1=2:
Thus, R = 1 if the cell is a perfect circle. Themore ramified the cell, the larger R is. In 134 cells in hippocampal slices the mean value
of R was 6.44 ± 0.14 at the beginning of the experiment, implying that the cells have a 6.44-fold larger circumference than a circle of
the same area. Scaling up the cell size, to (say) double its area, would have no effect on the ramification index. Ramification indices
plotted in Figures 3 and 6 are averaged over all cells for a specific condition.
To quantify surveillance, for each movie, starting with the second frame, we subtracted from each binarised frame Ft the preceding
frameFt-1 andcreated twobinarisedmovies,PEconsistingofonly thepixelscontainingprocessextensions (Ft-Ft-1 >0)andPRconsisting
ofonly thepixelscontainingprocess retractions (Ft-Ft-1<0). InbothPEandPR, all otherpixelsare set to0.Thebaselinesurveillance index
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where Spixels denotes a sum taken over all non-zero pixels and < >control denotes a temporal average taken over the control period
of the experiment (the first twenty minutes here). Surveillance indices for WT, THIK-1 heterozygote and THIK-1 KOmice were calcu-
lated as absolute values according to B = (Spixels PE+PR) for each genotype, and subsequently normalized to the WT condition. The
surveillance index provides ameasure of the brain volume that is surveyed by amicroglial cell in a given time. It is affected both by the
rate at which processes elongate and shorten, and by the overall number of the microglial processes and their mean length. Thus,
when THIK-1 is blocked or knocked out andmicroglia depolarize, the resulting deramification of the cells and shortening of their total
process length (Figures 3G–3J, 3L, 4, 5, and 6) will reduce the volume of brain that is surveyed, and this is reflected in the surveillance
index. Although overall surveillance will also, in principle, be affected by the density of microglia, this is unaffected either by short-
term drug application or by KO of THIK-1 (Figures 5E and 5F).
Although some unavoidable bleaching of themicroglial label occurred during the prolonged imaging used for this work, this did not
affect the derived values of surveillance index, because our analysis of surveillance is carried out on binarised images and so is un-
affected by bleaching provided that processes are still well resolved, as they were in our movies. Indeed, prolonged imaging did not
reduce the surveillance or ramification of the microglia when assessed over 60 mins of imaging (Figure 3D), and the less ramified
structure of microglia lacking THIK-1, compared to WT microglia, was seen even in perfusion-fixed tissue where the microglia
had not been exposed to laser illumination (Figures 5G–5I; Movie S6).
Microglial immunostaining and Sholl analysis
Microglial morphology was assessed by Sholl analysis (Sholl, 1953). To compare changes in microglial morphology produced by
deletion of THIK-1 expression, 3 THIK-1 KO and 3 controlWTmicewere killed at P17-21 by sodium-pentobarbital overdose and fixed
by transcardial perfusion of 4% paraformaldehyde (PFA). Brains were then removed and post-fixed for 24 hr in 4% PFA. To compare
changes in microglial morphology produced by deletion of TWIK-2 expression, 3 TWIK-2 KO and 3 control WTmice (at P19-22) were
given i.p. injections of heparin and of ketamine/xylazine/acepromazine anesthetic, and then transcardially perfused with 10% neutral
buffered formalin (NBF, 4% formaldehyde). Brainswere then fixed overnight in 10%NBFbefore being cryoprotected in 30%sucrose/
PBS and frozen at 80C until slicing. To compare changes in microglial morphology produced by different anesthesia protocols,
P12 rats were anaesthetised with an i.p. injection of urethane (1.55 g/kg; Sigma-Aldrich, 3 animals) and ventilated with O2
(2 l/min), or anaesthetised by inhaling 3% isoflurane mixed with O2 (2 l/min, 3 animals) for 1 hour and fixed by transcardial perfusion
of 4% PFA. Brains were removed and post-fixed for 24 hr. Horizontal sections (60-75 mm, ‘‘magic cut,’’ Bischofberger et al., 2006)
were cut on a vibratome (Leica). Tissue sections were blocked and permeabilised in 10% horse serum and 0.5% Triton X-100 in PBS
for 1 hour at room temperature. Slices were incubated at 4C overnight in rabbit anti-Iba1 (Synaptic Systems 234003) antibody pre-
pared in blocking solution. After washing 3 times for 20 mins in PBS, slices were incubated overnight in secondary antibody (donkey
anti-rabbit Alexa Fluor 488 or Alexa Fluor 555, Invitrogen). Slices were then washed in PBS, incubated in DAPI (Invitrogen) and
mounted on glass slides using DAKO fluorescence mounting medium. All images were acquired using a 63X oil immersion objective
(NA 1.4) on a Zeiss LSM700 confocal microscope. All analysis was carried out with the experimenter blinded to the genotype. Cell
reconstructions were carried out using 3D automatic cell tracing in Vaa3D software (http://home.penglab.com/proj/vaa3d/). Morpho-
logical parameters were then extracted using custom code written in MATLAB.
Measurement of anesthetic concentration for slice experiments
The gaseous anesthetics were prepared as saturated solutions (concentrations 17.8 mM for halothane, 15.3 mM for isoflurane and
11.8 mM for sevoflurane), and were diluted to give lower concentrations in some experiments. The anesthetics are partly lost through
the walls of the perfusion tubes so, to determine the actual concentration reaching the slice, we collected the solution entering the
recording chamber and subjected it to gas chromatography/mass spectroscopy, using known concentrations for calibration, as
described by McDougall et al. (2008). Bath samples were collected and dissolved in 100% acetonitrile with a known concentration
of a calibration standard (4mMhalothane for isoflurane and sevoflurane samples; 4mMsevoflurane for halothane samples). The ratio
of the area under the peak (AUP) detected in GC-MS for the tested anesthetic, to the AUP of the calibration standard, was then
compared to calibration curves (Figure S4).
In vivo experiments
Microglia were imaged in vivo in adult transgenic mice in which eGFP was expressed under control of the Iba1 promoter (Hirasawa
et al., 2005). Briefly, adult animals were anaesthetized with an i.p. injection of urethane (1.55 g/kg; Sigma-Aldrich), which does not
affect the ATP-evoked THIK-1-mediated current (tested at 15 mM in 4 cells, reduced by 4.0 ± 0.4%). After we confirmed that the
animals were deeply anaesthetised, we quickly shaved their heads and fixed them in a head holder (Narishige). Throughout surgery
and experiment, the animals’ temperature was kept at 37Cwith a heating blanket (CWE). Eyeswere protected from drying by regular
application of polyacrylic acid eye drops (Dr. Winzer Pharma). After topical application of lidocaine (AstraZeneca), the skull above the
barrel cortex was exposed after a midline incision and disconnection of the temporal muscle from the skull. A custom made head-
plate with a central circular hole was then glued to the skull with a small drop of cyanoacrylate superglue. After the glue had dried, we
applied dental cement (Paladur; Heraeus) to improve the fixation of the headplate and seal the circular hole so as to create a well for
imaging. After the dental cement had dried, we transferred the animal to a stage custom-made to accommodate the headplate. Using
a dental drill (Saeshin Precision Co.), we then carefully performed a small craniotomy2-3mm in diameter and the durawas removede4 Neuron 97, 299–312.e1–e6, January 17, 2018
above the barrel cortex. Health of the tissue was assessed during two-photon imaging by the presence of ramified microglia
(Movie S7), continual process movement (Movie S8) and absence of honeycomb or jellyfish microglia (Roth et al., 2014), which
we never observed. The animal was then transferred to a Zeiss LSM 710 or 780 two-photon microscope for imaging. Microglia
were imaged in the barrel cortex as described above, 150-200 mm below the surface (layer 2/3), under urethane anesthesia.
ELISA measurements of interleukin-1b release
As previously described (Charolidi et al., 2015), hippocampal slices (300 mm thick) were prepared in ice-cold HEPES-buffered me-
dium (MEM bubbled with O2, pH 7.4, 42360-032, GIBCO) under sterile conditions. To induce inflammasome activation and IL-1b
release, slices were exposed to inflammatory-like stimuli (Bernardino et al., 2008). Each slice was placed on a Millicell cell culture
insert (12 mm pore size, PIXP01250, Merck Millipore) and transferred into 24-well plates containing 800 mL serum-free medium
(DMEM, pH 7.4, 41965-039, GIBCO) with or without lipopolysaccharide (LPS) (10 mg/ml, Escherichia coli 055:B5, L2880, Sigma-
Aldrich) and/or potassium channel inhibitors in a cell culture incubator at 37C. After 30 min, the medium above the slices was
removed and slices were kept for 6 h in 350 mL DMEM with or without LPS and/or the K+ channel inhibitors, for the last 3 h of which
1 mM ATP or 50 mM 2-MeSADP was added (or not), as indicated. The concentrations of LPS used were chosen to evoke reliably
detectable release of IL-1b, and are similar to those that have been described in the literature to induce inflammatory responses
for both rats (Guerra et al., 2011) and mice (Hines et al., 2013); the higher concentration needed for mouse (50 mg/ml) than for rat
(10 mg/ml) may reflect a species difference or a lower sensitivity of the mouse assay (Schmidt et al., 2012). The amount of IL-1b
released into the medium was measured by ELISA, using Quantikine IL-1 beta/IL-1F2 kits (R&D Systems, RLB00 for rat and
MLB00C for mouse). Data were from at least 3 rats or mice per experiment, from each of which 2 brain slices were used per exper-
imental condition. Immediately after collecting the media, photographs of slices were taken and the slice surface area was deter-
mined using ImageJ. To compare data between brain slices in different conditions, the amounts of IL-1b released into the medium
were normalized to the slice surface area. Rat and mouse data were then further normalized to the mean of the control values
obtained in rats or in WT mice, respectively.
Generation of THIK-1 knock-out mice
The gene for THIK-1 (knck13), also known as K2P13.1, was disrupted in mice (by MRC-Harwell: Brown and Moore, 2012; Bradley
et al., 2012; Pettitt et al., 2009), using CRISPR/Cas9 to insert a single nucleotide into the wild-type DNA sequence. This introduces
a frameshift mutation into the codon for amino acid 14, leading to an abolition of the hydrophobic structure that normally forms the 1st
transmembrane segment of THIK-1, and to a premature stop codon being generated after amino acid 68 in the open reading frame
(Figure S5). Knock-out mice were bred from heterozygotes, which appeared to have no obvious phenotype. Microglia in the mice
were visualized either by isolectin B4 labeling as for rats, or by crossing heterozygotes with Iba1-GFP mice to introduce GFP labeling
into microglia in the KO. All surveillance imaging was done using Iba1-GFP labeled mice.
Single-guide RNA (sgRNA) Kcnk13_#5.1 was selected employing the Zhang Lab CRISPR design tool (http://crispr.mit.edu/) in
order to have no potential off-target sites with < 3mismatches and having theminimal total number of potential off-target sites (espe-
cially on the targeted chromosome 12). Off-target sites associated with sgRNA_Kcnk13_#5.1 can be found at: http://www.sanger.ac.
uk/htgt/wge/crispr/355997724.
sgRNA Kcnk13_#5.1 was in vitro transcribed from a gBlock gene fragment (Integrated DNA Technologies) containing the following





sgRNA was synthesized using MEGAshortscript (Ambion) and purified using MEGAclear kit (Ambion). Cas9 mRNA was commer-
cially sourced (Cas9 mRNA (5meC, Psi), Tebu-Bio).
Pronuclearmicroinjectionwas performed as previously described (Gardiner and Teboul, 2009). Injected embryoswere re-implanted
in CD1 pseudo-pregnant females which were allowed to litter and rear F0 progeny. The mutation was confirmed by DNA sequencing.
The single nucleotide insertion in themutant resulted in the formation of a TaqI restriction site (Figure S5) which was used to identify
the genotype of the mice used. In brief, genomic DNA was extracted from ear clip biopsies. The targeted region was PCR amplified
using the following primers: AAGGTCGGCAGAGCACATC and CTGGTGGCTTCCTCGTAGTG (Figure S5) and following purification
the amplified DNA was digested with TaqI at 65C for 3hrs with the resulting product run on a 2% agarose gel. Wild-type animals
displayed a single band of 330bp whereas homozygote mutants displayed 2 bands (208bp and 122bp). Heterozygotes displayed
both the wild-type and mutant bands (330, 208 and 122bp; Figure S5).
QUANTIFICATION AND STATISTICAL ANALYSIS
Data are presented as mean ± SEM. Where appropriate, drug effects were compared with bracketing control values, and experi-
ments on mice of different genotype were interleaved. The experimenter was blind to the genotype. P values are from two tailed Stu-
dent’s t tests (for normally distributed data) or Mann-Whitney U tests (for non-normally distributed data), and are given on the figures,Neuron 97, 299–312.e1–e6, January 17, 2018 e5
in their legends or in themain text. Normality of data was checked using the Kolmogorov-Smirnoff or Shapiro-Wilk test and equality of
variance confirmed using the F-test. P values quoted in the text are from independent samples t tests unless otherwise stated. For
multiple comparisons, p values are corrected using a procedure equivalent to the Holm-Bonferroni method (for N comparisons, the
most significant p value is multiplied by N, the 2nd most significant by N-1, the 3rd most significant by N-2, etc.; corrected p values
are significant if they are less than 0.05). An estimate of the sample size needed for a typical experiment is as follows: For a control
response of 100%, a typical response standard deviation of 25%, a response in a drug of 50% (50% inhibition), a power of 80% and
p < 0.05, 6 cells are needed (http://www.biomath.info/power/ttest.htm) in each of the control and drug groups. The exact numbers
vary between experiments, depending on the drug effect size and standard error of the data. Numbers of animals and cells studied
are stated for each experiment in the text.
DATA AND SOFTWARE AVAILABILITY
The code used for ramification, surveillance and Sholl analysis is available from https://github.com/AttwellLab/Microglia.e6 Neuron 97, 299–312.e1–e6, January 17, 2018
